The angular dependence of light diffusely transmitted through an opaque medium is shown to depend directly on the reflective nature of the sample boundary, independent of scattering anisotropy. Experimental data are presented for glass frits and for liquid samples, such as colloidal suspensions and aqueous foams, contained in glass cells and placed in either air, water, or glycerin baths. Results compare well with a simple theoretical prediction based on the diffusion approximation and also with random walk simulations. The importance of this work is not only in providing a simple quantitative explanation of a complex transport problem, but in establishing the proper treatment of boundary conditions for diffusion theory analyses of multiple light scattering experiments.
I. INTRODUCTION
Multiple scattering processes are important for transport in such diverse systems as neutrons in reactors, electrons in metals and semiconductors, phonons in crystals, molecules in a gas, and photons in opaque forms of condensed matter and in atmospheric or astrophysical structures. Quantities of interest include the fraction of incident particles absorbed, backscattered, or transmitted through a medium and the angular distribution with which they emerge. Often the wavelength of these particles is much smaller than the scattering length, so successive scattering events are independent and interference effects can be ignored. Theoretical study then reduces to solving integro-differential equations for the particle concentration field as a function of position and velocity direction [1] ; this has become a well-developed branch of mathematical physics [2, 3] . Since numerical solution is often required in such an approach, it is convenient to study transport analytically by making a diffusion approximation [4] . Important issues are then the proper treatment of the source term and boundary conditions and the accuracy of the resulting predictions.
The multiple scattering phenomenon we focus on here is the angular distribution of photons transmitted through an opaque slab and its connection to the probability for photons to either reAect or refract upon striking the sample boundary. Based on the diffusion approximation, our prediction for the probability for a photon to be transmitted between angles cos '(p, ) and cos '(p, +dp, ) from the exterior normal is P(p, )/p, =-, '(n, /n; ) (z, +p, ) [ [6, 7] . Also, excellent agreement is found between prediction and experiment for the polarization dependence of P(p, [9] and diAusing-wave spectroscopy (DWS) [10] . These diff'using-light spectroscopies have The term in square brackets represents the photon concentration in a toroidal volume element 2~r dp dr at distance r/' from the origin and angle cos 'p from the boundary normal; note that the linear increase in concentration with depth pr/* is a solution of the diA'usion equation only if there is no absorption, as assumed here. The p/r term is proportional to the fraction of those photons headed toward a unit area at the origin. With the assumption of isotropic scattering, the exponential term is proportional to the fraction of those that do not scatter before reaching the boundary. Finally, R (p) is the total reAection probability for photons striking the sample boundary at angle cos 'p from the normal; the reAectivity moments in Eq. (2.1) are defined as R"= f (n +1)p"R (p)dp . J;"f dp f [5] . The probability PD(p, )dp, , for a transmitted photon of polarization state D to exit between cos 'p, and cos '(p, +dp, )
from the exterior normal is given by integrating over space within the corresponding conic shell inside the sample:
R (p, ) is the reliection probability for photons of polarization state D striking the samp1e boundary at an angle cos p, from the interior normal. Carrying out the integration and using a consequence of Snell's law, dp, /dp;=n, p, /n, p, "where n, and n, are, respectively, the interior and exterior refractive indices, yields the following prediction for the angular distribution of diffusely transmitted light: (2.6) where the proportionality constant is set by normalization JOPD(p, )dp, =l. F,or the total distribution, with unpolarized detection, the normalization can be computed directly in terms of the moments of R (p), giving the result quoted earlier in the Introduction:
This prediction applies for any stratified dielectric boundary profile with the specified interior and exterior refractive indices. For the case of polarized detection, the normalization of Eq. (2.6) cannot similarly be written in a simple closed form. For the case considered in our earlier work [5] that the reflectivity is independent of polar-PD(p, )dp,~dp; J r dr [ Fresnel's laws [17] are collected in Table I Fig. 2, giving z, =1 .85. The corresponding con- Fig. 3 , these predictions all agree remarkably well with the data. Figure 3 also includes results of random-walk computer simulations carried out as in Ref. [5] . These simulations make no transport approximations and are found to agree almost perfectly with the diffusion theory predictions. Therefore, the barely noticeable deviation between theory and experiment in Fig.  3 cannot be attributed solely to inaccurate diffusion approximations; in fact, near perfect agreement can be attained by slightly adjusting the interior and wall refractive indices.
In Fig. 4 Fig. 3 The last type of material we examine is an aqueous foam consisting of fine gas bubbles randomly dispersed in a surfactant solution [21] . We use a commercial shaving foam, Gillette Foamy Regular (The Gillette Co. , Boston, MA), which is highly reproducible and whose structure, dynamics, and evolution have been previously studied by DTS and DWS [22 -26] [22] .
The primary goal of the measurements presented in this section is not to provide a further test of the diffusion theory predictions, already shown above to be remarkably accurate, but rather to characterize the boundary of the foam so that diffusing light spectroscopies can be more accurately applied. The general procedure demonstrated here can be applied to other unknown systems as well. Since foam is almost entirely gas, a reasonable first hypothesis is that the boundary consists of a stratified dielectric profile, as for the colloidal suspensions, but now with interior index of 1, wall index of 1.52, and exterior index of either 1, 1.33, or 1.47, depending on the bath in which it is immersed. ReAectivity moments and extrapolation length ratios for these cases are collected in the second half of Table I . followed by a slower decay. These results are independent of incident wavelength, cell thickness, and foam age.
This behavior can be compared with predictions from diffusion theory and random-walk simulations based on stratified dielectric profiles, as shown also in Fig. 5 by dashed curves. For both exterior conditions shown, the predictions systematically differ with the data, very dramatically for the case of immersion in water. This failure cannot be attributed to the diffusion approximations, however, since the predictions and the randornwalk simulation results are indistinguishable. Also, it cannot be attributed to the approximation of an effective interior refractive index of n, = 1, since agreement cannot be attained by adjusting the value of n, . Therefore, the assumption that the boundary consists of a spatially homogeneous stratified dielectric profile must be unwarranted.
The nature of the boundary is revealed in Fig. 6 where z, depends on the value of f, as described above.
The proportionality constant is set by normalization. While this treatment assumes that there is a well-deAned extrapolation length ratio for the photon concentration field, it does not assume that the concentration of photons is the same inside as outside the gas bubbles. If this 
